Ca K edge X-ray absorption fine structure (XAFS) spectroscopy was utilized for the characterization and quantification of calcium carbonate polymorphs and their mixtures. The advantage of the XAFS is the small sample quantity required for measurements, and a flexible sample environment. The near-edge XAFS spectra of calcite, aragonite and vaterite were measured with the conversion electron yield (CEY) method, and the obtained spectra showed characteristic features that can be utilized as fingerprints. The quantification of mixed polymorphs was examined by using a linear combination fitting of reference XAFS spectra. Though the quality of the fits was satisfactory, discrepancies in the evaluated values were observed between those with X-ray diffraction (XRD) and XAFS. The nonuniformity of samples may be enhanced by the surface sensitivity of the CEY method.
Introduction
Calcium carbonate (CaCO3) has three crystal phases (calcite, aragonite and vaterite), and calcite is thermodynamically the most stable phase under the ambient conditions. It is widely known that living organisms can selectively create a specific phase of calcium carbonate, and the control of polymorphs has received great interest. The precipitation of calcium carbonate from supersaturated solutions of Ca 2+ and CO3 2-has been studied extensively, and the transformation of the initial amorphous calcium carbonate (ACC) to a mixture of polymorphs has been discussed in terms of the ion activity product (IAP), the reaction temperature and the addition of foreign cations. [1] [2] [3] Recently, the selective formation of a special polymorph under ambient conditions has been reported. 4, 5 Experiments were carried out by using an organic template and soluble additives, and the conditions employed were biotic. In both artificial and biotic approaches, the mechanism of the selectivity is still unknown.
To characterize the precipitated phase of calcium carbonate, X-ray diffraction (XRD) is commonly used. However, the amount of the sample required is more than 1 mg. Moreover, the sample should be quenched at each point of a temporal interval to record the transformation of calcium carbonate precipitates. XAFS is advantageous because a hydrated sample can be investigated, and the amount of the sample required is much less than that of XRD measurements. There exist several reports on the Ca XAFS spectra of calcium carbonate. 6, 7 Sarret et al. 7 reported on the Ca XAFS spectra of micro grains excreted by tobacco trichomes, and comparisons were made with reference spectra of calcium carbonates, but some of the resultant spectra suffered from self-absorption effects, because they employed the X-ray fluoresces yield method. This report describes how the conversion electron yield (CEY) method 8 was employed to obtain XAFS spectra, and how the feasibilities of Ca K edge XAFS measurements were investigated for speciation and quantification of mixed polymorphs.
Experimental

Materials
Calcium carbonate (calcite) was purchased from Wako Pure Chemicals, Japan. Vaterite and aragonite were synthesized according to the following procedure. Equivalent volumes of a 30 mM NaHCO3 solution (Nacalai Tesque) and a 30 mM CaCl2 solution (Katayama Chemicals) were mixed, and the precipitated vaterite was immediately filtered by a membrane filter with a pore size of 0.45 mm (Millipore). Aragonite was synthesized by mixing similar solutions except for the addition of Mg 2+ ions. The molar concentration of Mg 2+ in the mixed solution was equivalent to that of Ca 2+ , and the precipitated aragonite was left stationary for one day before filtering. All of the filtered precipitates were dried in a desiccator. The residual Mg in the synthetic aragonite was evaluated with the ICP-AES, and the molar fraction of Mg to Ca was around 0.6%. Each polymorph was utilized as a reference sample, and an additional reference sample of aragonite was prepared from powdered shells of freshwater clam.
Mixtures of weighted reference samples were prepared for feasibility measurements. A binary mixture of calcite and vaterite was made from equal weights of powders. A mixture of a binary mixture and aragonite in a weight fraction of 2:1 was used as a ternary mixture. The fractions of polymorphs in the mixtures were evaluated both with XRD and XAFS measurements. 
Characterization of Calcium Carbonate Polymorphs with Ca
Crystal structures and XRD measurements
Calcite has a rhombohedral crystal structure with space group R-3c and a = b = 0.499 nm, c = 1.706 nm, a = b = 90˚, and g = 120˚. Aragonite has an orthorhombic crystal structure with space group Pmcn, and a = 0.496 nm, b = 0.796 nm, and c = 0.574 nm. Vaterite has a hexagonal crystal structure with space group P63/mmc. A pseudo-cell reported by Kamhi 9 was used for an XRD calculation, where a = b = 0.413 nm, c = 0.849 nm. Two carbon atoms are distributed in h position (x = 0.29, y = 2x = 0.58, z = 0.5) with a site occupancy of 0.33. Similarly, site occupancies of 0.33 were used for two oxygen atoms at the h position (x = 0.12, y = 2x = 0.24, z = 0.5) and four oxygen atoms at the k position (x = 0.38, y = 2x = 0.76, z = 0.12).
Crystal phases of calcium carbonate were identified with a Macscience X-ray diffractometor, M03XHF22, equipped with a sealed Cu target X-ray tube. The observed XRD patterns were compared with the calculated ones by using the abovementioned crystal structures. The quantification of mixed polymorphs can be carried out by using the integrated intensities of calculated diffraction patterns. The reflection peaks used were 104, 111 and 100 for calcite, aragonite and vaterite, respectively. The calculated intensities of the diffraction peaks per unit volume of calcium carbonate are 1.00:0.36:0.28 for Ic:Ia:Iv. The modeling and the calculation of XRD data were carried out by using CrystalMaker (Ver. 2.0.7) and CrystalDiffract (Ver. 1.1.2) for Windows XP.
XAFS measurements
XAFS measurements were carried out on the BL11 of Hiroshima Synchrotron Research Center (HSRC). 10 The storage ring was operated at 700 MeV, and the synchrotron radiation from a bending magnet was monochromatized with a Si(111) double-crystal monochromator. A small ionization chamber filled with air was placed between the end of the beamline and the sample chamber. The beam size (FWHM) at the sample position was approximately 3 mm (H) ¥ 1 mm (V), and the typical photon flux was 1 ¥ 10 10 photons/s for 4 keV X-rays.
The sample chamber was filled with He, and the energetic Auger electrons from a sample ionize surrounding He molecules. The sample was mounted on a copper holder connected to a current amplifier, and a biased plane electrode was placed 3 mm apart from the sample surface. The electrode was a copper film of 100 nm deposited onto a polycarbonate film of 6 mm thickness, and the electrode was biased at 50 V. The electrode avoided any created electron-ion pairs from recombination, and the conversion electron yield (CEY) could be measured as a sample current. The angle between the incident X-rays and the sample surface was 20 deg, and the incident X-ray beam did not hit the electrode. A commercial Si PIN detector (Amptek, XR-100T) was placed normal to the beam in the plane of the orbit, and the XRF yield (XFY) could be monitored simultaneously through the film.
The sample holder was a copper plate of 0.2 mm thickness, and it had a central hole of 15 mm diameter. A powder of the sample was supported on a peace of adhesive tape attached to the central hole of the holder. The advantages of the CEY was that a sample of less electrically conductivity could be measured, and that the self-absorption effects in XAFS spectra could be extremely low, owing to the surface sensitivity of the measurements. 10 Figures 1 -3 show XRD data of calcite, aragonite and vaterite.
Results and Discussion
It was easily understood that the obtained data were well matched with the calculated data except for aragonite. The marked peak in Fig. 2a ) is attributed to the calcite, and the fraction of the calcite was calculated to be 10% from the relationship mentioned above. It was found that the major component of the synthetic aragonite had transformed into calcite in the latter measurements, and the contamination of the calcite was mainly attributed to the residual water, owing to the incomplete drying process. The structure of vaterite is still an open problem, but the principal XRD pattern shown in Fig. 3 was well-explained by the calculated pattern. The sizes of the individual crystallites were estimated from the broadened peak of XRD, and the calculated size was 26 nm according to Scherrer's equation. Figure 4 shows near-edge regions of the Ca K edge XAFS spectra obtained from reference samples measured with the CEY method. The incident X-ray energy was not calibrated, and background was subtracted and normalized using Rex2000 software (Rigaku, Japan). It is easily understood that the XAFS spectra show characteristic features, and that these spectra can be utilized as a finger print of each phase. XAFS spectra of synthetic and natural aragonite were slightly different from each other. The contribution of the calcite in the spectra of synthetic aragonite was examined by the curve fitting of spectra a) and c), but no evidence was obtained concerning the contribution of calcite. The slight difference of the spectra might be attributed to the uncertainty of the background subtraction for the CEY data. Figure 5 shows XAFS spectra of mixed calcium carbonate polymorphs; a linear combination of reference spectra shown in Fig. 4 . The quality of the fit was evaluated by the normalized square-sums of residuals (R factor), S(mobserved -mfit) 2 /mobserved 2 over the whole region of the spectrum. The R factors of the fits were 1.8% for the binary system and 2.2% for a mixture of three polymorphs; the results of the fits were satisfactory.
The evaluated weight fraction of the calcite in the binary system was 0.27 though the fraction evaluated with the XRD measurements was 0.62. The weight fractions of polymorphs in the ternary system were 0.04, 0.54 and 0.42 for calcite, vaterite and aragonite while the fractions evaluated with the XRD were 0.44, 0.27 and 0.29, respectively. The large discrepancy of the weight fraction of calcite from those evaluated with the XRD might have been caused by the difference of particle sizes between calcite and vaterite. When a mixture of the polymorphs was dispersed onto the adhesive tape for XAFS measurements, the fine vaterite particles might have preferred to remain on the tape. Moreover, the surface of the remained mixture might have been covered with the fine powder of vaterite, and vaterite might have been emphasized owing to the surface sensitivity of the CEY method.
Conclusions
Ca K edge XAFS spectroscopy was successfully utilized for the characterization of polymorphs of calcium carbonate, and identification of the phase could be easily performed by using the XAFS spectra as a fingerprint. Quantitative analysis of mixed phases was carried out by using a linear combination fitting of reference XAFS spectra, and the weight fractions of the polymorphs were evaluated with sufficient accuracies. The evaluated weight fractions of polymorphs were far from those evaluated with the XRD method, and the results indicate the difficulties in preparing of references when the sample is attached onto the adhesive tape. Considering the advantages of XAFS spectroscopy, a dynamical observation of the precipitation and transformation of calcium carbonate may be attractive, especially in a thin-film system or samples of extremely small quantities. 5 Ca K edge XAFS spectra of mixed calcium carbonate polymorphs a) binary system, b) ternary system; observed data (marks) and linear combination of reference spectra shown in Fig. 4 .
